Abstract: The objective of this study was to identify quantitative trait loci (QTL) related to phytophthora root rot (PRR) tolerance and to analyze their genetic effects through two recombinant inbred line populations between tolerance cultivar Hefeng 25 and two susceptible cultivars (Dongnong 93046 for the HD population, including 140 F 5:9 lines, and Maple Arrow for the HM population, including 149 F 5:10 lines) based on greenhouse evaluation of PRR. A total of five and seven QTL underlying tolerance to PRR were identified in the HD and HM populations, respectively. Phenotypic variation explained by the QTL ranged from 1.27% to 10.41% in the HD population and from 1.68% to 12.65% in the HM population. Of these QTL, three (qHDPRR-4 in the HD population and qHMPRR-1 and qHMPRR-3 in the HM population) were identified in similar genomic regions reported previously. Nine new QTL contributed by Hefeng 25 were found in the present study (four in the HD population and five in the HM population). Three QTL in the HD and five QTL in the HM populations had higher additive effects that were likely to be stable across multiple environments or genetic backgrounds. Moreover, four and five epistatic pairwise QTL were found to underlie tolerance to PRR in the HD and HM populations, respectively.
Introduction
Phytophthora root rot (PRR) caused by Phytophthora sojae Kaufm. & Gerd. is one of the most destructive diseases in soybean production. PRR could result in an alarming soybean yield loss of approximately USD$300 million in North America and $1-2 billion worldwide per year; Wrather and Koenning 2006. Strain-specific resistance to PRR in soybean is conferred by single dominant Rps genes, but broad and durable tolerance or partial (rate reducing) resistance is inherited as quantitative trait loci (QTL) (Schmitthenner 1985) . By 2016, 16 Rps genes or alleles had been identified in 10 genomic regions on four chromosomes (Chr 03, Chr 16, Chr 13, and Chr 18), some of which have been introgressed into many modern soybean cultivars to control PRR (Diers et al. 1992; Demirbas et al. 2001; Weng et al. 2001; Gordon et al. 2006; Sun et al. 2011 ). Furthermore, new Rps genes and alleles have continued to be reported, including RpsYu25, Rps9, and Rps11 (Sun et al. 2011; Wu et al. 2011; Ping et al. 2016 ). The resistance of Rps genes are race-specific and confer an immune response following an infection with an incompatible P. sojae strain. Furthermore, mutations and outcrossings among different P. sojae strains have led to increased complexity of the species strain complex (Grau et al. 2004) . The emergence of these new virulent pathotypes of P. sojae often overcome Rps gene-mediated resistance to PRR in commercial cultivars (Grau et al. 2004) , which limits the effectiveness of Rps genes in soybean breeding.
Compared with Rps resistance, tolerance to PRR is more durable because it does not exert a strong selection pressure on the P. sojae population. In addition, genetic traits associated with PRR tolerance mostly have no negative effect on soybean yield in the absence of P. sojae infection . To date, a total of 19 QTL associated with tolerance to PRR have been identified. Among the QTL, 15 were identified in eight separate populations of the PRR-resistant cultivar Conrad (Burnham et al. 2003; Weng et al. 2007; Han et al. 2008; Li et al. 2010; Tucker et al. 2010; Wang et al. 2010 Wang et al. , 2012 Wu et al. 2011) . In addition, 6, 5, 2, and 2 of the 15 QTL identified in Conrad were mapped to chromosome 2 [Chr 2, linkage group (LG) D1b, LG D1b], Chr 13 (LG F), Chr 18 (LG G), and Chr 19 (LG L), respectively. Furthermore, one of the QTL mapped on Chr 18 and two of the QTL mapped on Chr 19 were detected across multiple PRR isolates by different disease assay methods (Wang et al. 2012) . In fact, the QTL underlying tolerance in multiple PRR isolates showed stability under different environment conditions and was identified and confirmed in different mapping populations, which suggests that it is more valuable for breeding a cultivar with broad-spectrum durable resistance.
Only a few PRR-tolerant cultivars have been investigated to determine the molecular basis of PRR tolerance. Of these cultivars, Conrad has been used for more than 20 yr (Han et al. 2008) . However, the late maturity and low yield of Conrad in northeastern China has prevented its direct application in current soybean improvement programs. Our previous study showed that the cultivar Hefeng 25 has a similar tolerance to PRR compared with Conrad (Li et al. 2010 ). In addition, Hefeng 25 also has elite agronomic traits including a higher yield and broad adaptability to northeastern China. QTL underlying tolerance to PRR in Hefeng 25 were analyzed in our previous study (Li et al. 2010) . As the previous analysis was performed on only one population derived from two cultivars with tolerance to PRR (Hefeng 25 and Conrad), more QTL underlying tolerance to PRR were identified in Hefeng 25, thus here, two newly created populations that were derived from the crosses of Hefeng 25 and two susceptible cultivars (Dongnong 93046 and Maple Arrow) were used to detect additional QTL underlying tolerance to PRR from Hefeng 25. Moreover, some studies have reported that genetic effects, including additive and epistatic effects, play a critical role in the resistance to soybean diseases (Wu et al. 2009 ). However, these genetic effects were not yet explored in the majority of previous studies that were conducted related to PRR QTL analysis.
The objective of the present study was to identify and confirm QTL associated with PRR tolerance and to analyze the additive and epistatic effects of the QTL using two recombinant inbred line (RIL) populations derived from two crosses [Hefeng 25 × Dongnong 93046 (HD) and Hefeng 25 × Maple Arrow (HM)] by using the PRR isolates from northeastern China.
Materials and Methods

Plant material
Hefeng 25 × Dongnong 93046 (HD, 140 RILs of F 5:9 ) and Hefeng 25 × Maple Arrow (HM, 149 RILs of F 5:10 ) were used to identify QTL underlying tolerance to PRR. Hefeng 25, a local variety in northeastern China, was selected as the common parent of the two populations due to its high tolerance to PRR and higher yield traits. Dongnong 93046 and Maple Arrow are cultivars highly susceptible to PRR. For these 2 populations, 10 and 7 F 1 plants from Hefeng 25 × Dongnong 93046 and Hefeng 25 × Maple Arrow were self-fertilized to produce 140 and 149 F 5 lines, respectively. These F 5 lines were selfpollinated and each line was advanced up to the F 9 and F 10 generations by single-seed descent for the HD and HM populations, respectively.
Inoculation and disease loss evaluation
Plant materials were inoculated with P. sojae isolates from northeastern China in a greenhouse at Harbin in 2015 according to our previously published method (Han et al. 2008) . The tested RILs were planted in drinking cups with a hole in the bottom. Each cup was planted with a 10 cm layer of mixed soil including 1:1 vermiculite and sterile soil. Phytophthora sojae cultures in a Luria-Burtani agar solid medium were placed on top of the soil mixtures and covered with 1 cm of vermiculite. Five seeds of the tested RIL were placed on top of the media and covered with 2 cm of additional vermiculite. The growing temperature in the greenhouse was set at 25°C ± 2°C. Each RIL for each inoculation treatment provided 15 plants. A randomized complete block design was used for each genotype in three replicates (45 plants per genotype). The total number of germinated plants was recorded. The number of plants that died was recorded 20 d after inoculation. The disease loss rate per line was calculated using the formula [(total plants − plants resistant to PRR)/(total plants)] × 100% (Li et al. 2010 ).
SSR marker detection
Total DNA of parents and RILs were isolated from freeze-dried leaf tissue using the cetyl trimethylammonium bromide method (Han et al. 2008) . Polymerase chain reaction (PCR) amplifications were performed on a MyCycler thermo cycler (BioRad Laboratories, Hercules, CA) in a 20 μL reaction volume containing 2 μL of genomic DNA (25 ng μL −1 ), 1.5 μL MgCl 2 (25 mM), 0.3 μL deoxynucleotide mixture (10 mM), 2 μL 10 × PCR buffer, 2 μL simple sequence repeat (SSR) primer (2 μM), 0.2 μL Taq polymerase enzyme (10 units μL −1 ), and 12 μL ddH 2 O. PCR amplification was run using the following parameters: 2 min at 94°C, followed by 35 cycles of 30 s at 94°C, 30 s at 47°C, 30 s at 72°C, and then 5 min at 72°C. After the PCR reaction, PCR products were added with a loading buffer (2.5 mg mL −1 bromophenol blue, 2.5 mg mL −1 diphenylamine blue, 10 mM ethylenediaminetetraacetic acid and 95% formamide) and denatured for 5 min at 94°C, followed by placing the samples on ice for 5 min. The PCR products were then separated on a 6% denatured polyacrylamide gel and were directly detected after rapid silver straining (Han et al. 2008 ).
Construction of the molecular linkage map
Linkage among the markers was analyzed using Mapmaker 3.0b (Lander et al. 1987) following methods described by Primomo et al. (2005) . The commands "group", "map", "sequence", "lod table", "try", and "compare" were used for constructing the linkage groups. The error detection ratio was set at 1%. The Haldane mapping function was used with a minimum logarithm of the odds (LOD) score of 3.0 and a maximum distance of 50 cM.
Data analyses
Broad-sense heritability of tolerance to PRR was computed using the formula
e =nÞ, where h 2 g and h 2 e are the estimates of genetic and residual variance, respectively, and are derived from the expected mean squares of the variance, where n is the number of replications (Blum et al. 2001) . QTL Cartographer v.2.1 with a composite interval mapping module (Zeng 1993) were used to identify QTL for PRR. The parameters were set with window size (5 cM) and walk speed (1 cM). The threshold of the LOD score for evaluating the statistical significance of QTL was determined by 1000 permutations via the Zmapqtl program (Zeng 1993) . A LOD value corresponding to an experiment-wise threshold of a = 0.05 was applied to declare a QTL as significant. The estimate of the QTL position was the point of maximum LOD score in the genomic region under consideration. The genetic linkage map was constructed using Mapchart 2.1 (Voorrips 2002) . QTL genetic effects, including additive effects and the additive × epistatic effects, were analyzed according to previously published methods by Wang et al. (1999) .
Results
Phenotypic analysis of PRR tolerance
The disease loss percentages in the two RIL populations were shown in Table 1 . The disease loss percentages were significantly different between the two parents in the both HD and HM populations. The disease loss percentage of Hefeng 25 (3%) was significantly lower than that of Dongnong 93046 (95%) and Maple Arrow (100%). The variation in the disease loss percentage was much wider in the HD population than that in the HM population. Shapiro-Wilk's tests showed that the frequency distributions of disease loss percentages for these two populations were continuous (W = 0.91 and 0.94, P = 0.3235 and 0.1928 for HD and HM populations, respectively). Both the PRR tolerance skewness and kurtosis values were less than 1.0 in both populations, which suggested that the segregation of this trait fits a normal distribution. Broad-sense heritability of PRR tolerance for the HD and HM populations was moderate (0.42 and 0.54, respectively) ( Table 1) .
Linkage analysis
A total of 600 SSR markers were used to detect polymorphisms between Hefeng 25 and Dongnong 93046 for the HD population. Of the 600 tested SSR markers, 187 were polymorphic among the RILs and mapped onto 12 chromosomes based on the results of Song et al. (2004) and Hyten et al. (2010) . The map developed encompassed 3160.28 cM with an average distance of 19.27 cM between markers (data not shown). The molecular genetic linkage map of the HM RIL population, including 19 LGs (109 SSR markers), was constructed by Li et al. (2009) . In the present study, an additional 87 SSR markers were added into this map. So, this map including 196 SSR markers 
QTL analyses of PRR tolerance
Five QTL were found to underlie PRR tolerance in the HD population ( Fig. 1 and Table 2 ), which explained 1.27%-10.41% of the phenotypic variation. The QTL qHDPRR-4 (in the interval of Satt460-Satt134, located on Chr 6, LG C2) and qHDPRR-5 (in the interval of Satt305-Satt319, located on Chr 6, LG C2) explained the highest (10.41%) and lowest (1.27%) phenotypic variation, respectively. The QTL qHDPRR-1 (in the interval of Satt377-Satt199, anchored on Chr 8, LG A2), qHDPRR-2 (in the interval of Satt177-Satt207, anchored on Chr 8, LG A2), and qHDPRR-3 (in the interval of Satt334-Satt362, anchored on Chr 13, LG F) explained 2.02%, 5.35%, and 7.89% of the phenotypic variation, respectively.
A total of seven QTL were found to underlie PRR tolerance in the HM population ( Fig. 1 and Table 2 ), located on Chr 8 (LG A2), Chr 18 (LG G), Chr 2 (LG D1b), Chr 13 (LG F), Chr 7 (LG M), Chr 10 (LG O), and Chr 19 (LG L), respectively. The phenotypic variation explained by these QTL ranged from 1.68% to 12.62%. The QTL qHMPRR-2 (in the interval of Satt199-Satt570, located on Chr 18, LG G) and qHMPRR-5 (in the interval of Satt460-Satt134, located on Chr 7, LG M) explained the highest (12.65%) and lowest phenotypic variation (1.68%), respectively. The QTL qHMPRR-1 (in the interval of Satt233-Sat097, located on Chr 8, LG A2), qHMPRR-3 (in the interval of Satt579-Satt350, located on Chr 2, LG D1b), qHMPRR-4 (in the interval of Satt334-Satt162, located on Chr 13, LG F), qHMPRR-6 (in the interval of Satt345-Satt550, located on Chr 10, LG O), and qHMPRR-7 (in the interval of Satt229-Satt527, located on Chr 19, LG L) explained 9.87%, 2.94%, 5.35%, 4.05%, and 8.02% of the phenotypic variation, respectively.
In the present study, five QTL for the HD population and seven QTL for the HM population were identified. The genomic regions of most identified QTL between the HD and HM populations did not overlapped, which was similar to the result of QTL in Conrad described by previous studies (Han et al. 2008; Li et al. 2010 ). Only two QTL from the Conrad × OX760 RIL population (Han et al. 2008 ) were identified to be located in similar genomic regions as the Conrad × Hefeng25 RIL population (Li et al. 2010) . In this study, only qHDPRR-3 from the HD population was located near that of qHMPRR-4 from the HM population.
Additive effects analysis of the QTL associated with PRR tolerance
Three QTL with additive effects (a) were identified in the HD population (Table 3 ) and contributed the allele that decreased the disease loss percentage to PRR and increased the tolerance to PRR through significant additive effects, accounting for 2.01%, 1.47%, and 3.29% of the additive variance, respectively. Two QTL (qHDPRR-2 and qHDPRR-5) had no significant additive effects in the HD population.
Five QTL with additive effects in the HM population were detected on five chromosomes (Chr 8, LG A2; Chr 2, LG D1b; Chr 13, LG F; Chr 10, LG O; and Chr 19, LG L) (Table 3) . One QTL (qHMPRR-7) increased the disease loss percentage and decreased the tolerance to PRR through significant additive effects and explained 2.04% of the associated additive variance. Four QTL (qHMPRR-1, qHMPRR-3, qHMPRR-4, and qHMPRR-6) reduced the disease loss percentage caused by PRR and enhanced the tolerance to PRR through significant additive effects and explained 0.92%-2.00% of the additive variance. Two QTL (qHMPRR-2 and qHMPRR-5) had no significant additive effects in the HM population.
Epistatic effects analysis of the QTL associated with PRR tolerance
Four epistatic pairwise QTL (qHDPRR-1-qHDPRR-2, qHDPRR-1-qHDPRR-3, qHDPRR-2-qHDPRR-5, and qHDPRR-3-qHDPRR-4) in the HD population were identified and accounted for 0.97%-2.58% of the epistatic effects (Table 4) . Among these four epistatic pairwise QTL, one (qHDPRR-2-qHDPRR-5) enhanced the disease loss percentage and reduced the tolerance to PRR through significant additive × additive interaction (aa) effects. The other three QTL pairs (qHDPRR-1-qHDPRR-2, qHDPRR-1-qHDPRR-3, and qHDPRR-3-qHDPRR-4) decreased the disease loss percentage caused by PRR and increased the tolerance to PRR through significant aa effects.
Five epistatic pairwise QTL (qHMPRR-1-qHMPRR-3, qHMPRR-2-qHMPRR-4, qHMPRR-3-qHMPRR-6, qHMPRR-3-qHMPRR-7, qHMPRR-5-qHMPRR-7) were detected in the HM population and most of them explained less than 3% of the epistatic effects (Table 4) . Two QTL pairs (qHMPRR-1-qHMPRR-3 and qHMPRR-5-qHMPRR-7) increased the phenotypic value and decreased the tolerance to PRR through significant aa effects. Three QTL pairs (qHMPRR-2-qHMPRR-4, qHMPRR-3-qHMPRR-6, and qHMPRR-3-qHMPRR-7) reduced the phenotypic value and enhanced the tolerance to PRR through significant aa effects.
Discussion
PRR infections in infested fields are significantly affected by environmental condition including temperature and moisture. Presently, it was difficult to obtain stable PRR outbreak locations in northeastern China to evaluate plant materials for PRR tolerance. Han et al. (2008) developed a method based on the greenhouse and PRR isolates from the target location to evaluate plant materials for PRR tolerance. This method has been proven to be effective through comparison with disease loss percentage from a field test in Woodslee, ON. The Woodslee location had a severe Fig. 1 . Genomic locations of the identified QTL with tolerance to phytophthora root rot.
PRR infestation and was therefore used to evaluate the tolerance of soybean cultivars in Ontario since 1975. Furthermore, Li et al. (2010) identified the same QTL based on disease loss percentage from this method and the field test in Woodslee, which further verifies the effectiveness of this method. In the present study, phenotypic data of two RIL populations were evaluated after inoculation using this method. Broad-sense heritability was estimated for the tolerance to P. sojae in these two populations (0.42 in the HD population and 0.54 in the HM population), which was relatively low in composition with the results of previous studies (heritability ranging from 0.59 to 0.92, Burnham et al. 2003; Tucker et al. 2010; Wang et al. 2010; Wu et al. 2011 ). The relatively low heritability suggests that genetic tolerance to PRR from the Hefeng 25 would be difficult to directly apply to breeding a tolerant variety and increasing the selection intensity by marker-assisted selection might improve the selection gain for PRR tolerance. Our results showed that Hefeng 25 has similar levels of PRR tolerance compared with Conrad, as reported using highly replicated evaluations in data collected from eight environments and two PRR isolates (Li et al. 2010) . Therefore, there could be great interest to transfer the high levels of PRR tolerance derived from Hefeng 25 into other cultivars.
We identified five and seven novel QTL associated with tolerance to PRR in the HD and HM populations, respectively, and explained 1.27%-10.41% and 1.68%-12.62% of the phenotypic variation, respectively. qHMPRR-3 (in Satt579-Satt350, located on Chr 2) from the HM population was identified in the regions comparable to the loci identified by Burnham et al. (2003) and Han et al. (2008) , who used the cultivar Conrad as the PRR-tolerant parent. In addition, the results of Burnham et al. (2003) and Han et al. (2008) were based on greenhouse tests using a Canadian isolate. This QTL in Chr 2 (qHMPRR-3) could be identified across different genetic backgrounds, which will be useful to improve PRR tolerance. Two QTL (qHMPRR-1 near Note: LOD, logarithm of the odds score; R 2 , the proportion of the phenotypic data explained by the marker locus; SEM, standard error mean. Note: *, significant at 0.05 level of probability; **, significant at 0.01 level of probability; a, additive effect; H 2 , the additive effect variance. Satt233, anchored on Chr 8, in the HM population and qHDPRR-4 near Satt460, anchored on Chr 6, in the HD population) were detected in two similar regions in Hefeng 25 by Li et al. (2010) . The results of Li et al. (2010) were based on both greenhouse and multienvironment field tests. The similar results obtained from different experiments indicated that these two QTL on Chr 6 and Chr 8 could be identified across different cross populations and environments.
Nine new QTL associated with PRR tolerance were found presently and the beneficial alleles of the novel loci underlying PRR tolerance were derived from Hefeng 25, a northeastern Chinese variety. Of these newly identified QTL, qHDPRR-3 (near Satt334, located on Chr 13, LG F) from the HD population was located near a similar genomic region as qHMPRR-4. These two QTL were significantly different from the Conrad loci identified by Burnham et al. (2003) and Han et al. (2008) . According to our present and previous results, PRR tolerance was governed by QTL with major and minor genetic effects. Wang et al. (2012) identified two QTL on Chr 19 of Conrad using a combination of sequencing and expression analysis. They identified 11 candidate genes in genomic regions of these two QTL, which were shown to be involved in signal transduction, hormone-mediated pathways, and plant cell structural modification. The results of Wang et al. (2012) showed that combining the methods of sequencing and expression analysis might be effective in mining potential candidate genes that are sources of PRR tolerance. However, to date, none of these QTL have been cloned and characterized.
In most of the previous studies, genetic effects including additive effects, interaction effects between the environment and the QTL, and epistatic effects were ignored regarding the QTL mapping of PRR tolerance. In the present study, QTL analysis for PRR tolerance was evaluated in the greenhouse; therefore, QTL × environment interaction effects were restricted in the QTL analysis. As suggested by Han et al. (2008) , QTL with higher additive effects were more likely to be stable across multiple environments or genetic backgrounds. In the present study, three QTL (qHDPRR-1, qHDPRR-3, and qHDPRR-4) from the HD population and five QTL (qHMPRR-7, qHMPRR-1, qHMPRR-3, qHMPRR-4, and qHMPRR-6) from the HM population have higher additive effects and were not sensitive to different environments or genetic backgrounds. Furthermore, the results of Wu et al. (2009) showed that epistatic QTL effects could play an important role in the resistance to soybean diseases. Other studies also indicated that the epistatic interactions of QTL could significantly affect some traits (Purcell and Sham 2004) . Here, four and five epistatic QTL were identified to significantly affect PRR resistance in the HD and HM populations, respectively. In conclusion, understanding the existence of additive and epistatic effects of QTL could guide QTL design to allow the creation of more efficient and economic breeding strategies through assembling favorable alleles, which will be beneficial in selecting for cultivars with a higher tolerance to PRR.
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